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PURPOSE. To ?1compare, as a function of pupil size, the through-focus performance and halo
features of four diffractive intraocular lenses (IOLs).
METHODS. Three diffractive bifocal IOLs (ReSTOR þ2.5 D SV25T0, Tecnis þ2.75 D ZKB00,
and AT LISA þ3.75 D 809M) and a diffractive trifocal IOL (AT LISA tri þ3.33 D, þ1.66 D
839MP) were tested in vitro in a modified International Organization for Standardization ?2eye
model. The modulation transfer function (MTF) at the IOLs’ foci was obtained with pupils
ranging from 2.0 to 5.0 mm. Through-focus MTF curves (at 50 cycles/mm) were compared
among all the IOLs. The halo formation and characteristics were obtained from image analysis.
RESULTS. The multifocal IOLs studied in this work showed, at their foci, secondary out-of-focus
images, which originate halos and whose characteristics depend on the lens design and pupil
size. The smallest halo occurred for the distance focus of the SV25T0. ?3The distance and near
foci of the SV25T0 yielded, respectively, the best and lowest optical quality among the studied
IOLs. The distance focus of the ZKB00, AT LISA, and AT LISA tri were of similar quality, but
the near focus of the ZKB00 outperformed the near foci of the rest of the IOLs. The IOLs’
optical performance gradually deteriorates as pupil increases.
CONCLUSIONS. Differences in the design of the diffractive IOLs translate into differences in
optical quality at their foci, through-focus performance, and halo features, which can offer
further information to surgeons when selecting which IOL to implant. ?4
Keywords: cataract surgery, diffractive bifocal intraocular lens, diffractive trifocal intraocular
lens, halo, through-focus performance
The development of multifocal intraocular lenses (MIOLs)
1
offers solutions to satisfy patient demand for spectacle
independence after cataract surgery or clear lens extraction.?5
Diffractive MIOLs have shown better optical performance than
either of their counterpart refractive MIOLs or accommodating
IOLs.2,3 In clinical tests, patients implanted with diffractive
bifocal IOLs achieved good distance and near visual acuities4,5
while showing a significant reduction in visual acuity at
intermediate distances.6,7 This fact proves that patients have
difficulties when performing tasks that require, for instance,
computer use, which is important in modern society. To
overcome this issue, new designs based on MIOLs with
extended depth of focus8 or trifocal diffractive MIOLs9,10 have
been recently proposed, and the first studies on the visual
outcomes obtained after implantation of these new trifocal
MIOLs are now available.11–13
Since bifocal and trifocal diffractive MIOLs are based on the
simultaneous image forming principle, they have the drawback
that a focused image due to one of the foci will always be
overlaid by one (in the case of the bifocal MIOL) or two (in the
case of the trifocal MIOL) secondary out-of-focus images
originated by the other foci of the MIOL. This effect unavoidably
leads to a reduction of the image contrast in comparison to what
occurs in patients implanted with monofocal IOLs14 and is likely
to be among the causes that produce other disturbing optical
artifacts such as glare and/or halos. In particular, the perception
of halos by patients with MIOLs is commonly described when
observing distance intense light sources against a dark back-
ground, as in the case of night driving.15
Optical bench testing of MIOLs3,16 is complementary to
clinical assessment because, in addition to being objective and
patient independent, it has the ability to control factors that are
difficult to address in clinical essays such as pupil size, lens
alignment, and level of wavefront aberration upon the MIOL.
Several studies to date have evaluated diffractive bifocal and
trifocal MIOLs in different optical bench configurations to
determine through-focus image quality and modulation transfer
function (MTF),17,18 the light distribution and efficiency of the
foci,19,20 and the influence of pupil size.21,22 However, the
formation of the out-of-focus images (superimposed on-axis to
the focused one)23,24 and their characteristics25 in relation to
both the diffractive MIOL design and pupil size have been
scarcely addressed in the literature.26
For a determined pupil size, a diffractive MIOL should
provide the best possible optical quality at its focal points and,
in addition to this, the largest depth of focus and minimal
disturbing side effects like blur or defocus. However, these
features are not completely independent; thus, if a particular
design of a diffractive lens is intended to optimize one of these
factors it should be checked that this does not have a
deleterious influence on the other factors.27 Hence, it would
be interesting to have a more comprehensive description of the
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performance of the MIOLs; thus, the aim in this paper is to
study and compare, in an optical bench, the characteristics of
the secondary out-of-focus images (which show halo appear-
ance and will be referred to from now on as halo), the
influence of the pupil size, and the through-focus performance
of four new diffractive MIOLs: AcrySof ReSTOR SV25T0, Tecnis
ZKB00, AT LISA 809M, and AT LISA tri 839MP. In addition, a
well-known and widely reported monofocal IOL (AcrySof
SN60WF) was also tested.
METHODS
MIOL Characteristics
The AcrySof ReSTOR SV25T0 (Alcon Laboratories, Fort Worth,
TX, USA) with þ2.5 diopter (D) add power is a diffractive
bifocal IOL with an anterior apodized diffractive surface (3.4-
mm diameter) within which there is a central refractive zone
(1.0-mm diameter approximately). The outer region of the lens
to the 6-mm edge is also refractive. The diffractive area
presents seven concentric rings with step boundaries of
decreasing height, which allows for quite an asymmetric and
pupil-dependent light distribution between the distance and
near foci. The central and outer refractive parts of the lens are
intended for distance vision. The anterior surface of the
SV25T0 is designed with negative spherical aberration (SA) of
0.20 lm (value of the c[4,0] Zernike coefficient for a 6-mm
eye pupil) to compensate for the positive SA of the cornea.28,29?6
The Tecnis ZKB00 (AMO Groningen, Groningen, The
Netherlands) with þ2.75 D add power is a diffractive bifocal
IOL with an anterior aspheric surface and a posterior one with
a diffractive profile that covers the full aperture of the lens.
This comprises 15 diffractive rings with step boundaries of the
same height intended for approximately 50/50 light distribu-
tion between the distance and near foci independently of the
pupil size. The wavefront-designed aspheric optics of this
MIOL produces a maximum SA of 0.27 lm for a 6.0-mm eye
pupil.
The AT LISA 809M (Carl Zeiss Meditec AG, Jena, Germany)
with þ3.75 D add power is a diffractive bifocal IOL with a
design that comprises 29 diffractive rings that fully cover its
6.0-mm-diameter aperture. This design is intended for having a
pupil-independent asymmetric light distribution between
distance and near foci of approximately 65/35.
The AT LISA tri 839MP (Carl Zeiss Meditec AG) with þ3.33
andþ1.66 D add powers for the near and the intermediate foci,
respectively, is a trifocal MIOL with the diffractive profile
located in the anterior surface. The profile is formed by a
trifocal region with a diameter of 4.34 mm while the outer part
of the lens to the 6-mm edge is a bifocal region; that is, it sends
light to the far and near foci exclusively. In addition to this, the
AT LISA tri has an aspheric design that introduces SA of0.18
lm for a 6.0-mm eye pupil.10
Finally, the monofocal AcrySof SN60WF (Alcon Laborato-
ries), with aspheric optics that induce SA of 0.20 lm, was
included in our study as a reference for comparison.
All the studied lenses had a base optical power of 20 D,
which in the case of the MIOLs corresponded to the distance
focus.
Experimental Setup for Optical Imaging Quality
Assessment
Assessment of the optical imaging quality of the IOLs was made
using an optical test bench with a model eye (artificial cornea
plus wet cell) that has been described in detail elsewhere.19,20
The setup was in agreement with International Organization
for Standardization (ISO) 11979-2 and 11979-930,31 recommen-
dations except for the artificial cornea that was not an
aberration-free doublet because this was not representative
of the average human cornea, which has intrinsic positive
SA.28,29 Instead, we used a double convex lens that provided a
level of SA at the IOL plane of þ0.27 lm for a 6.0-mm pupil,
similar to the one induced by the human cornea on
average.32,33 Moreover, it showed a dependence of SA on
pupil size close to that of physiological eye models, namely, the
Liou-Brenan and Holladay models.19,20
The light source was a green light-emitting diode (LED)
(LED525E; Thorlabs, City, State, Country) with emission
centered at 525 nm and with a full-width half-maximum
spectral bandwidth of 615 nm, which illuminated the test
object located at the front focal plane of a collimator (200-mm
focal length). ?7The test objects were either the USAF 1951, for
qualitative image quality assessment, or a four-slit pattern,
referred to from now on as slit pattern (Fig. 1a) for MTF
measurement and halo characterization. The collimated beam
illuminated the model eye with the IOL under test, and an iris
diaphragm allows us to have a pupil diameter ranging from 2.0
to 5.0 mm. All the pupil diameters mentioned in this work are
referred to the IOL plane.19,20
Inserted in the wet cell of the model eye, the diffractive
bifocal or trifocal MIOLs simultaneously formed two (distance
and near) or three (distance, intermediate, and near) images of
the test object. These images were selected and magnified onto
an 8-bit charge-coupled device (CCD) camera (Company, City,
State, Country) by means of a 310 infinite corrected
microscope (Company, City, State, Country) mounted on a
high-precision translation holder. The image recording system
(microscope and camera) is diffraction limited with a cutoff
frequency at 675 cycles/mm. In addition, the image space of
the MIOLs was scanned with the microscope to collect images
of the test object at different axial positions between the foci
for through-focus analysis. A similar procedure was carried out
in the case of the monofocal IOL. ?8
Halo Characterization and MTF Measurement by
Image Analysis
The method to study the formation of the halo and its
characteristics using image analysis is illustrated in Figure 1,
FIGURE 1. (a) The slit pattern test used as an object for halo and MTF
assessment. Images for MTF measurements obtained with monofocal
(b) and multifocal (distance focus) (d) IOLs. (c, e) Same images as (b)
and (c) but displayed in a logarithmic scale of intensity for halo
assessment. ?13
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where the best-focused images of the slit pattern formed by the
distance focus of one of the MIOLs under study and the
monofocal IOL are shown. To improve the signal-to-noise ratio,
each image is the result of averaging eight image frames. Since
the images formed by the MIOLs contain the superposition of a
bright focused image of the slit pattern along with one or
several dimmer out-of-focus images, a large dynamic range is
required for data presentation. In such cases and when image
display or printing is involved, it is common practice to use
logarithmic scale. For instance, while it is difficult to notice the
differences between the images of Figures 1b and 1d, which
are displayed at linear scale, they become clearly distinguish-
able in logarithmic scale (Figs. 1c, 1e). The reason is that the
logarithmic function compresses the dynamic range of an
image by simultaneously expanding the values of low-intensity
pixels and compressing higher-level pixels,34 and then it is
possible to visualize relatively weak backgrounds in the
presence of intense signals.
The aforementioned change into a logarithmic scale enables
one to illustrate the differences between the images formed by
the monofocal IOL and those formed by the MIOLs and makes
possible the assessment of the formation (or not) of the halo
(compare Figs. 1c, 1d) and some of its features, such as width
and shape, that will eventually influence the imaging quality of
the lenses as reported in earlier work.23,26
Among the different image quality metrics, the MTF has
been used extensively for image quality evaluation of
MIOLs3,18,21,22; and recently, Felipe et al.35 found a significant
correlation between visual acuity of patients and average MTF
of the MIOLs they were implanted with.
In this study the MTF was obtained as reported by
Simpson23 from the Fourier transform of the line spread
function of the images of the slit pattern (Fig. 1). The criterion
for determining the best focus planes was to choose those that
maximized the area under the MTF curve. The MTF curves
were obtained for pupil sizes ranging from 2.0 to 5.0 mm.
Through-focus MTF at the spatial frequency of 50 cycles/mm,
as recommended in ISO 11979-2 and 11979-9, was obtained for
3.0- and 4.5-mm pupils. The axial scanning in the MIOL image
space for the through-focus analysis was made from þ1.75 to
5.0 D in 0.15 D steps.
RESULTS
We have studied the formation and characteristics of the halo
by considering the distance focus of the MIOLs. Figure 2 shows
the images of the slit pattern obtained with the MIOLs of this
study and displayed at logarithmic scale of intensity. Supple-
mentary Figure S1 shows the same images but in linear scale of
intensity. The images obtained with the monofocal IOL are also
included at the top of these figures. From Figure 2 it is evident
that, in comparison with the monofocal IOL, all the MIOLs
have a wide halo in the background surrounding the focused
image of the slit pattern. As for each MIOL, with the exception
of the SV25T0, the halo size increases as the pupil increases
from 3.0 to 4.5 mm. Finally, and for both pupil sizes, the largest
halos are obtained with the bifocal and trifocal AT LISAs, which
are also the MIOLs with highest add powers for the near focus
(þ3.75 and þ3.33 D, respectively).
Figure 3 shows, for a pupil size of 3.0 mm, the experimental
images of the USAF test obtained in the distance and near foci
of the bifocal MIOLs and in an intermediate plane right in the
middle between the two foci, as well as the images obtained in
the distance, intermediate, and near foci of the trifocal MIOL.
The AT LISA tri is the only MIOL that shows a true intermediate
focus where it is possible to resolve more groups of the USAF
test, even though notoriously blurred. Furthermore, the
imaging quality of the bifocal MIOLs at intermediate planes
appears to be quite low in comparison with their distance and
near foci.
Some of the above-mentioned characteristics can also be
observed in the images of the slit pattern shown in Figure 4. In
addition, this figure shows that the presence of halos is not
restricted to the distance focus but is clearly observed in every
other focus of the MIOLs.
The MTFs of the MIOLs, obtained from the images of the slit
pattern with 3.0- and 4.5-mm pupils, are shown in Figure 5. For
the sake of comparison, the MTF corresponding to the
monofocal IOL, which must be compared to the ones
computed for the distance foci of the MIOLs, is included in
these plots. For both pupil sizes, the MTF of the monofocal IOL
reaches higher values than any other MTF corresponding to the
distance focus of the MIOLs. However, in the case of the
SV25T0 with a 4.5-mm pupil, both MTFs are fairly close.
For a pupil size of 3.0 mm, and comparing the distance foci
of the MIOLs, the best MTF corresponds to the bifocal SV25T0.
Conversely, this MIOL is the one with the worst MTF in the
case of the near foci. The bifocal ZKB00 shows similar MTF
curves, and hence similar optical imaging quality, for its
FIGURE 2. Images of the slit pattern obtained with pupils of 3.0 and
4.5 mm. The images correspond to the focus of the monofocal IOL
(top) and distance focus of the MIOLs. All images were recorded in the
same experimental conditions of exposure time and LED power and
are shown in a logarithmic scale of intensity to enable halo
visualization.
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distance and near foci. The same behavior is observed in the
case of the bifocal AT LISA. The trifocal AT LISA, on the other
hand, has an intermediate focus that outperforms the
intermediate planes of all the bifocal MIOLs. Indeed, and as
expected from the reduced quality of the images at interme-
diate planes (Figs. 5, 6), the MTF curves of the bifocal MIOLs at
these planes drop to zero very quickly, thus confirming a low
optical imaging quality. Similar results were obtained with the
4.5-mm pupil, although in this case the MTFs are slightly
worse.
To get further insight concerning the influence of the pupil
size on the optical performance of the MIOLs, we obtained the
MTF curves at the foci for pupils ranging from 2.0 to 5.0 mm
and compared the values among the MIOLs at the spatial
frequency of 50 cycles/mm.21,22 In our setup, this frequency
approximately corresponds to an angular spatial frequency of
30 cyc/deg. The results, plotted in Figure 6, confirm as a
general trend that the MTF and thus the optical imaging quality
of the MIOLs tend to decrease as the pupil increases, with the
bifocal ZKB00 showing the minimum dependence on the pupil
size. Moreover, these results further confirm that the distance
focus of the SV25T0 MIOL is the one with the best optical
performance among the multifocal IOLs studied; but at the
same time, this lens has the near focus with the lowest optical
imaging quality for all pupil sizes.
Figure 7 shows the through-focus MTF curves, evaluated at
the spatial frequency of 50 cycles/mm, for the four diffractive
MIOLs with a 3.0-mm pupil. The position of the MTF peaks is
related to the main foci of the MIOLs; hence these curves
emphasize the different performance and optical imaging
quality of the foci of the MIOLs as a function of their particular
design. The highest MTF value for the distance focus (0.0 D)
corresponds to the bifocal SV25T0 with a score of »0.40,
whereas the other three MIOLs (ZKB00, AT LISA, and AT LISA
tri) have values in the range of 0.25 to 0.28. For comparison,
the MTF of the monofocal SN60WF (not shown in Fig. 7)
reached a score of 0.65 in these conditions, which is in good
agreement with the result reported in an earlier work.18 The
ZKB00 is the only MIOL that has similar MTF peaks at distance
and near foci (located at2.75 D), and the values measured are
in good agreement with those provided by the manufacturer in
the technical datasheet. Interestingly, the MTF of the ZKB00 at
an intermediate plane of 2.50 D is higher than that of the
SV25T0, even though the latter is specifically designed to have
its near foci at2.50 D. Another interesting comparison can be
made between the AT LISA (bifocal) and the AT LISA tri
because the MTF peaks and hence the optical imaging quality
of the distance (0.0 D) and near foci (3.75 and 3.33 D,
respectively) of these two lenses are very similar, but the
trifocal has the advantage of showing an additional intermedi-
ate peak (at1.66 D). The MTF score of this intermediate peak
(0.12) is similar to the one found for the near focus of the
SV25T0.
DISCUSSION
It is worth emphasizing that in an optical test bench, what can
be assessed is the formation and characteristics of the
secondary out-of-focus images produced by the MIOLs, which
gives rise to a background that shows halo appearance and
blurs the focused image. The presence of such background is a
necessary but not sufficient condition for the perception of the
halo by a patient because even though Stevens’ power law
predicts a logarithmic behavior of the sensory magnitude or
perception,36 it is not possible to infer from it that the figures
displayed at logarithmic scale are a direct representation of
what a patient would see.
Our results (Fig. 4) show that the images obtained in each
focus plane of the MIOLs have a background or halo that
originates blur and causes reduction of the image contrast.
Moreover, these results allow for a comparison between the
halo produced by MIOLs at their distance focus and the blur
produced by a monofocal IOL, which is mainly due to
aberrations and is considerably weaker (Fig. 2). In the case of
the MIOLs, the halo is primarily due to the intensity and size of
the out-of-focus image (or images) corresponding to the other
foci of the lens, which turns out to depend on both the add
power17,26 and how the MIOL distributes the energy among
the foci.19,37 For a given pupil size, the fraction of the energy
that is out of focus (and thus the halo) also depends in a
complex way on a variety of factors such as the energy
FIGURE 3. Images of the USAF test obtained with a 3.0-mm pupil, at the foci and at an intermediate plane of the bifocal MIOLs and at the three foci
of the trifocal MIOL. The position of the planes, in diopters, is referred to the distance focus of each MIOL.
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expended in higher diffraction orders,37 scattering produced
by the diffractive steps,38 and the residual level of aberrations,
mainly SA, once the MIOL has compensated (totally or
partially) the positive SA of the cornea.20,33
As for the optical quality of the MIOLs, their different
designs are intended to obtain the best possible images at their
focal points; hence, the comparison of the optical quality of
the lenses has been carried out at their best foci. Otherwise,
and especially in the case of the near focus (we recall that all
the studied MIOLs had different add powers), the use of a fixed
plane at a particular vergence could benefit the IOL whose add
power approached the selected vergence the most.
In the case of the distance focus, this study shows that the
SV25T0 reaches the highest MTF score and thus the best
optical imaging quality, which is in agreement with previous
work.39 This is consistent with the design of this lens: a low
add power and an apodized diffractive profile to enhance the
performance of its distance focus. For instance, for a 3-mm
pupil, the SV25T0 MIOL has the smallest number of diffractive
steps, a small remnant level of SA (once the lens has partially
compensated for the SA of the cornea), and the lowest
diffraction efficiency for the near focus (only 20%, whereas the
ZKB00, AT LISA, and AT LISA tri have diffraction efficiencies of
48%, 35%, and 30%, respectively).10,40 Consequently, the
SV25T0 is the MIOL where the factors (diffraction efficiency
of the near focus, scattering produced by the diffractive steps,
and remnant SA) that determine the amount of out-of-focus
energy (or halo) at the distance focus and contribute to
degrade its optical quality have the smallest contribution.
Conversely, the SV25T0 has the lowest optical quality at the
near focus. Altogether, these results are consistent with recent
clinical findings showing that patients implanted with the
SV25T0 had excellent distance vision (comparable to that of
patients with monofocal IOL) but their near vision was worse
than that of patients with other types of MIOLs.40
The other MIOLs (ZKB00, AT LISA, and AT LISA tri) show a
more balanced performance in their foci, with their near focus
outperforming the near focus of the SV25T0 as deduced from
the MTF values for all pupil size conditions (Fig. 6). Since it has
been suggested that the imaging quality of the MIOLs
(determined by the MTF) could have an influence on the
visual quality of patients,35,41 and also because these MIOLs
have higher add powers, one could infer that they could be a
good choice for patients with demanding near vision activities.
However, according to our results (Fig. 2), these lenses are also
prone to induce visual disturbances associated with halos.26
This drawback must be carefully considered with patients
FIGURE 4. Images of the slit pattern obtained with a 3.0-mm pupil, at the foci and at an intermediate plane of the bifocal MIOLs and at the three foci
of the trifocal MIOL. The position of the planes, in diopters, is referred to the distance focus of each MIOL. All the images are shown in a logarithmic
scale of intensity.
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whose expectations after surgery were a low level of visual
disturbance.40
The case of the AT LISA tri deserves further explanation.
The MTF values of this MIOL as a function of the pupil size
(Fig. 6) and the through-focus MTF (Fig. 7) are in quite good
agreement with earlier reported works.22,39 The AT LISA tri has
MTF scores for its distance and near foci similar to those of the
bifocal AT LISA, but the trifocal MIOL is the only one that
provides a real intermediate focus. This result suggests that the
trifocal lens may provide better intermediate vision without
compromising near and distance vision. Interestingly, while
conventional defocus curves obtained in patients with bifocal
IOLs show two peaks corresponding to distance and near
vision with a significant drop in visual acuity at intermediate
distance,42,43 the first outcomes with the AT LISA tri show a
comparative smaller reduction of intermediate visual acuity
with no significant differences in the range from2.0 to1.0 D
(at the spectacle plane).13,44 However, we have also shown
(Supplementary Fig. S1) that the AT LISA tri would more likely
produce the largest halo in the distance focus for a 4.5-mm
pupil. These two findings may help to explain the results of
recent clinical studies with this MIOL showing that interme-
diate vision of patients efficiently improved, but at the same
time, 10% of patients reported perception of halos.13
As additional comments, we recall that our results were
obtained from on-axis analyses, that is, with the MIOLs aligned
with the optical system. Earlier work45,46 has shown that tilt
and/or decentration of IOLs have an impact on their optical
performance. In addition, the human eye naturally includes
pupil decentration (with respect to the cornea and crystalline
lens) as well as lens tilt. Another potential issue of the study
concerns the SA of the artificial cornea. Although there is a
general consensus about the need to use artificial cornea
models with positive SA to properly test IOLs of aspheric
FIGURE 5. MTF curves of the monofocal IOL (gray line) and the MIOLs obtained at their respective distance (black line), near (red line), and
intermediate (blue line) planes with 3.0- and 4.5-mm pupils.?14
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design,33 there is not yet agreement about the specific value of
the corneal SA that should be used. For instance, Pieh and
coworkers45 used three corneas with SA (6-mm pupil) of
þ0.054, þ0.172, and þ0.416 lm, respectively, for in vitro
testing of monofocal IOLs. The model eye cornea of Carson et
al.47 had a SA of þ0.2 lm and was used to test the MIOLs
SV25T0 and ATLISA tri. The artificial cornea used in our eye
model was designed with a SA of þ0.27 lm for a 6-mm pupil.
Taking into account the SA of the MIOLs (SV25T0: 0.20 lm;
ZKB00: 0.27 lm; AT LISA bi and AT LISA tri: 0.18 lm), the
maximum remnant SA would be only þ0.07 lm in the case of
the SV25T0 andþ0.09 lm for the AT LISA bifocal and trifocal.
Since the maximum pupil diameter used in this work was 4.5
mm, one expects even smaller remnant values of SA,48 and
hence differences in the optical performance of the MIOLs
associated with differences in the SA compensation can be
neglected. Finally, the measurements of the MIOLs were
performed using a single wavelength of 525 nm close to the
maximum peak sensitivity of the human eye in photopic
conditions. However, the MIOLs will commonly work under
polychromatic light such as daylight. All these issues should be
taken into account with respect to a closer approximation to
patients implanted with this type of MIOL.
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